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Abstract 34 
Learned compensations for perturbed visual feedback of movement extent and 35 
direction generalize differently to unpractised movement directions, which suggests 36 
different underlying neural mechanisms. Here we investigated whether gain and 37 
rotation adaptations are consistent with representation in different coordinate systems. 38 
Subjects performed a force aiming task with the wrist, and learned different gains or 39 
rotations for different force directions. Generalization was tested without visual 40 
feedback for the same extrinsic directions but with the forearm in a different 41 
pronation-supination orientation. When the change in forearm orientation caused the 42 
adapted visuomotor map to conflict in extrinsic and joint-based coordinates, rotation 43 
generalization occurred in extrinsic coordinates but with reduced magnitude. In 44 
contrast, gain generalization appeared reduced and phase-shifted. When the forearm 45 
was rotated further such that all imposed perturbations aligned in both joint-based and 46 
extrinsic coordinates in both postures, rotation generalization was further reduced, 47 
whereas there was neither reduction nor phase shift in the pattern of extent 48 
generalization. These results show that rotation generalization was expressed in 49 
extrinsic coordinates, and that generalization magnitude was modulated by posture. In 50 
contrast, gain generalization appeared to depend on target direction defined by an 51 
integrated combination of extrinsic and joint-based coordinates, and was not reduced 52 
substantially by posture changes alone. Although the quality of the model fit 53 
underlying our interpretation prevents us from making strong conclusions, the data 54 
suggest that adaptations of movement direction and extent are represented according 55 
to distinct coordinate systems.   56 
New and noteworthy (max 75 words) 57 
Visuomotor gain and rotation adaptations generalize differently to novel movement 58 
directions, which suggests different neural mechanisms. When extrinsic and joint-59 
based coordinates are effectively dissociated in an isometric aiming task, we find that 60 
they also generalize in different coordinate systems. Specifically, rotation generalized 61 
in extrinsic coordinates, and decayed as posture departed from that adopted during 62 
adaptation. In contrast, gain generalization was expressed according to a mixed 63 
extrinsic/joint-based coordinates, and was not substantially reduced by postural 64 
changes. 65 
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Introduction  66 
 The hypothesis that point-to-point movements are planned as vectors from the 67 
starting location to the target, with direction and extent parameters specified 68 
independently has gained support from both neurophysiological and psychophysical 69 
studies (Caminiti et al. 1990; Davare et al. 2015; Georgopoulos et al. 1982; Gordon et 70 
al. 1994; Messier and Kalaska 1999; Soechting and Flanders 1989; Vindras and 71 
Viviani 2002; 1998). Consistent with this idea, there are striking differences between 72 
generalization patterns observed for learned perturbations of movement direction and 73 
extent. When the relationship between movement amplitude and cursor displacement 74 
is altered, the new visuomotor gain learned for a single direction generalizes broadly 75 
to movements in all directions (Krakauer et al. 2000; Pearson et al. 2010; Vindras and 76 
Viviani 2002). In contrast, adaptation to movement direction induced by rotated 77 
visual feedback generalizes narrowly within the vicinity of the trained target 78 
(Brayanov et al. 2012; Krakauer et al. 2000).  79 
A key issue in understanding how the adapted visuomotor maps are 80 
represented in the brain is the identification of the coordinate system according to 81 
which new gains and rotations generalize. Previous research addressed this by 82 
characterizing how learned perturbations generalize across different arm 83 
configurations in horizontal reaching tasks, which dissociates a subset of all possible 84 
coordinate systems involved (Berniker et al. 2014; Brayanov et al. 2012; Krakauer et 85 
al. 2000; Malfait et al. 2002; Shadmehr and Moussavi 2000; Wang and Sainburg 86 
2005). For example, Brayanov et al. (2012) showed that the generalization pattern in 87 
response to a visuomotor rotation can be modelled by a gain-field combination of  88 
intrinsic and extrinsic representations, but not by a linear combination of both. This 89 
suggests that new visuomotor maps are represented in brain circuits that integrate 90 
information from the two coordinate systems. In contrast, the coordinate system in 91 
which learning of visuomotor gain changes generalize has never been examined, nor 92 
directly compared to visuomotor rotation. This raises the question whether new 93 
visuomotor maps associated with visuomotor gain and rotation adaptation could be 94 
represented in separate coordinate systems.  95 
It should be noted that the modifications of posture performed in previous 96 
studies (Brayanov et al. 2012; Krakauer et al. 2000; Wang and Sainburg 2005) do not 97 
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effectively dissociate all possible intrinsic and extrinsic coordinate systems. In such 98 
tasks, after adaptation to a visuomotor rotation in a single movement direction in one 99 
arm configuration, subjects are tested for generalization to multiple target positions in 100 
novel arm configurations brought about by changes in shoulder angles. However, 101 
because the extrinsic location (i.e. with respect to the head or body) of a given hand-102 
referenced target changes with limb position, this approach simultaneously alters the 103 
required visuomotor map according to multiple correlated intrinsically referenced 104 
coordinate systems (such as eye, head and shoulder-centred coordinates). As a 105 
consequence, it is difficult to identify which of these coordinate frames underlie the 106 
observed generalization.  107 
Here we addressed this issue by examining the generalization of visuomotor 108 
gain and rotation to novel forearm orientations in an isometric wrist force aiming task 109 
(de Rugy et al. 2012). This isometric task is advantageous because it enables effective 110 
manipulation of the adapted visuomotor map according to specific coordinate 111 
systems, while maintaining others constant (de Rugy et al. 2012; Kakei et al. 1999). 112 
Specifically, by rotating the forearm orientation along the supination-pronation axis, 113 
we dissociated the extrinsic coordinate system from the intrinsic coordinate system of 114 
the wrist joint and/or the muscle activations required to produce force at this joint.  115 
In the first experiment, subjects adapted to oppositely signed perturbations of 116 
extent or direction in specific parts of the workspace, with their forearms in pronation, 117 
and generalization was tested with their forearms in a neutral position. We found that 118 
the magnitudes of both gain and rotation generalizations to the untrained forearm 119 
orientation were significantly impaired, suggesting that generalization was not 120 
exclusively determined by target location defined either in joint based or extrinsic 121 
coordinates. Furthermore gain generalization was better accounted for by an overt 122 
phase shift that cannot result from a linear combination of joint-based and extrinsic 123 
remapping. To examine whether these generalization patterns were influenced by the 124 
contextual change caused by the modifications in joint position, a second experiment 125 
measured generalization from a supinated to a pronated forearm orientation. This 126 
manipulation caused the directions of all imposed perturbations to align in both joint-127 
based and extrinsic coordinates in both forearm orientations. We found that the 128 
amount of rotation generalization was further reduced, but the reduction and phase 129 
Coordinate systems of movement adaptation  
 
5 
 
shift in the pattern of extent errors were no longer observed for gain generalization. 130 
These findings suggest that rotation generalization is expressed in extrinsic 131 
coordinates but decays with changes in posture. In contrast, gain generalization is not 132 
substantially affected by modulations in posture per se. Instead gain generalization is 133 
determined by the angle between the target direction and the training direction defined 134 
according to an integrated combination of extrinsic and joint-based coordinates. 135 
Methods 136 
Subjects 137 
A total of 31 right hand subjects (Oldfield 1971) were recruited from the 138 
university community of The University of Queensland. Written informed consent 139 
was obtained prior to the experiment which had received ethical approval by the 140 
University of Queensland Medical Research Ethics Committee and conformed to the 141 
Declaration of Helsinki.  142 
Experiment 1 consisted of 12 subjects (age: 21-35, 12 males). Each subject 143 
completed two sessions, in which visual feedback during training was either perturbed 144 
by a change in visuomotor gain or by a rotation according to a within-subject design. 145 
The two sessions were separated by at least five days. 146 
Experiment 2 consisted of 19 subjects (age: 19-38, 14 males, 5 females), who 147 
were distributed to participate in either the visuomotor gain or the rotation condition. 148 
Specifically, 10 subjects (one of these subjects participated in both conditions) took 149 
part in the visuomotor gain condition and a further nine participated in the visuomotor 150 
rotation condition. Note that the allocation of subjects in Experiment 2 arose because 151 
we initially were more concerned about whether the pattern of visuomotor gain 152 
generalization to the untrained forearm position for Experiment 1 was elicited by 153 
changes in the postural context or genuinely due to coordinate frame conflicts. To test 154 
this explicitly, we first recruited a cohort of 10 participants, where the adapted 155 
forearm posture was rotated 180° to re-align the learned visuomotor gain in joint-156 
based and extrinsic coordinate systems at the transfer posture. We later recognized 157 
that testing rotation generalization to a novel forearm posture in which directions of 158 
the learned rotation aligned in both joint-based and extrinsic coordinates would 159 
provide further insight regarding the representations underlying visuomotor rotation 160 
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learning. However, because the visuomotor rotation component of Experiment 2 was 161 
conducted more than 12 months later, only one out of the original ten participants 162 
could be recalled to perform the test. As such, we replaced them with nine separate 163 
participants.  164 
Apparatus 165 
 The set-up was similar to one described in a previous study (de Rugy et al. 166 
2012). Subjects sat 1.2m in front of a vertical visual display with the right hand fixed 167 
in a custom-made manipulandum. The manipulandum was adjustable and allowed the 168 
hand to be positioned in pronation, neutral or supination (see Figure 1A). High 169 
density foam lined the interior of the manipulandum to ensure a snug fit of the hand at 170 
the metacarpophalangeal joint and the wrist joint. Isometric forces produced at the 171 
wrist were recorded with a 6 degree of freedom force/torque transducer (45E15A, JR3 172 
Inc., USA/Delta ATI, Industrial Automation, USA) which were sampled at 2000Hz 173 
with a 16-bit National Instruments (Austin, TX, USA) analogue-digital board 174 
interfaced with a computer running custom-written LabVIEW software (LabVIEW, 175 
Version 8.2.1; National Instruments, USA). 176 
Task 177 
The isometric force targets (8 target positions separated by 45˚) were located 178 
on the circumference of a circle (radius: 50% of the distance from the centre to the 179 
edge of screen) on a 19inch visual display. Each trial began with the cursor positioned 180 
in the centre of the screen, which was calibrated to zero torque (wrist relaxed) and a 181 
force of 25N was required to acquire each target. Subjects were instructed to move the 182 
cursor to the target immediately upon appearance, as fast as possible in one quick 183 
uncorrected back and forth movement (i.e. a “shooting” force pules). All eight targets 184 
were presented once in each block of trials in random order. The presentation of each 185 
target was synchronous with a beep to initiate the trial and the target was extinguished 186 
when the cursor hit the target circle or after 1.7s had elapsed. During trials, subjects 187 
received continuous visual feedback of cursor movement and auditory feedback in the 188 
form of a high-pitched tone to indicate attainment of target and desired movement 189 
duration after the trial ended. The target movement duration for the cursor to move 190 
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from 10% of target distance to maximum excursion was 100-200ms. A visual time 191 
indicator was provided after each trial. 192 
Experimental procedures 193 
We conducted two experiments, in which the new required visuomotor map in 194 
joint-based and extrinsic coordinates was manipulated by changing the forearm 195 
orientation relative to the adapted forearm orientation. The first experiment consisted 196 
of two sessions in which visual feedback during training was either perturbed by a 197 
change in visuomotor gain or by a rotation. Subjects first adapted to the perturbations 198 
with the forearm in pronation (adapted position) and generalization was assessed with 199 
the forearm rotated by 90˚ clockwise i.e. forearm in a neutral (generalization) 200 
position. The two sessions were separated by at least five days and were 201 
counterbalanced between subjects. The second experiment was designed to determine 202 
if the results found in Experiment 1 were influenced by contextual changes caused by 203 
the modifications in joint orientation. Here, two separate groups of subjects learned 204 
either visuomotor gains or rotations, but forearm orientation was rotated 180˚ from 205 
supination (adapted position) to pronation (generalization position) to test for 206 
generalization. Note that, because of biomechanical constraints, the forearm can only 207 
be rotated by approximately 90° from the neutral position in both directions. As such, 208 
the requirement to rotate the joint by 180° in Experiment 2, in order to realign the 209 
joint-based and extrinsic representation of the learned compensation, can only be 210 
fulfilled by starting at full supination or pronation. We chose to train at supination in 211 
order to test for generalization in the pronation posture, which is slightly more 212 
comfortable to maintain. 213 
Both experiments consisted of four phases which lasted approximately two 214 
hours. Initially, subjects underwent a familiarization phase, in which they completed 215 
96 trials in each of the adapted and transfer forearm orientations in the absence of any 216 
perturbation and with continuous visual feedback. An additional eight trials with 217 
suppressed feedback (probe trials) were also performed in each forearm orientation 218 
during familiarization. The main part of each experimental session consisted of three 219 
consecutive phases (see Figure 1D). The baseline phase consisted of 192 trials in 220 
which movements were made to all targets in the absence of any perturbation. After 221 
every 24 trials in the adapted forearm orientation, eight probe trials without visual 222 
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feedback were repeated in the adapted or transfer forearm orientation to assess 223 
baseline performance. Overall, from each forearm orientation, subjects performed 224 
three probe trials without visual feedback to a target. In the next training phase, 225 
subjects performed 400 trials adapting to perturbations of visuomotor gains or 226 
rotations.  227 
Visuomotor gain - Gain perturbations were introduced by manipulating the 228 
relationship between the cursor displacement and the force exerted by the wrist (see 229 
Figure 1B). For targets along the vertical axis (90˚ and 270˚), the force required for 230 
the cursor to reach screen endpoint was amplified 1.4 times, causing the cursor to 231 
undershoot initially, whereas for targets along the horizontal axis (0˚ and 180˚), the 232 
force required to move the cursor from the origin to the edge of the screen was 233 
reduced by 0.6 times, leading to initial overshooting. The force requirement for the 234 
remaining targets was not modified and remained at the original gain of 1 (see Figure 235 
4). The perturbations were gradually introduced with increments of 0.5N every eight 236 
trials until the maximum perturbation was reached in 160 trials. After this, the full 237 
perturbation was maintained in the subsequent 240 trials. 238 
Visuomotor rotation – For rotation perturbations, we altered the direction of screen 239 
cursor movement relative to isometric hand force either clockwise (CW) or counter-240 
clockwise (CCW) by 30˚ (see Figure 2B). A CW rotation of 30˚ was applied to targets 241 
at 135˚ and 315˚, a 30˚ CCW rotation was applied to targets at 45˚ and 225˚, whereas 242 
targets at 0˚, 90˚, 180˚ and 270˚ were not perturbed. As in the gain condition, rotation 243 
perturbation was gradually introduced in steps of 1.5˚ every eight trials until the 244 
maximum perturbation of 30˚ was attained in 160 trials and the perturbation was 245 
maintained for the following 240 trials.  246 
Finally, to examine generalization of the learned perturbation in the test phase, 247 
subjects performed a total of 24 probe trials with no visual feedback in both the 248 
adapted and transfer forearm orientation. After every eight trials with no visual 249 
feedback, the perturbed visual feedback was turned on for the next 24 trials during 250 
movements made from adapted forearm orientation to maintain the acquired 251 
adaptation.        252 
Data analysis  253 
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 Data analysis was performed offline using the MATLAB programming 254 
environment (The Mathworks, Matick, MA). The primary measures of performance 255 
were the errors in force direction and extent. Directional errors were calculated as the 256 
angular difference between the direction of the target and the direction of the vector of 257 
the subject’s force direction at movement onset time to the maximum excursion of the 258 
cursor. Movement onset time was defined when the movement threshold first 259 
exceeded a threshold displacement of 10% of target distance. For gain, the extent 260 
error was measured as the difference between the maximum excursion of the cursor 261 
and the target distance. 262 
In Experiment 1, we computed the mean errors in extent and direction relative 263 
to the amount of perturbation imposed for each target position to determine whether 264 
performance differed between visuomotor gain and rotation training. Specifically, 265 
gain and rotation adaptation for each target was expressed as a percentage: gain 266 
adaptation = [(extent error / (gain imposed-1)) × 100%] and rotation adaptation = 267 
[(directional error / rotation imposed) × 100%] where gain and rotation imposed were 268 
the magnitude of rotation or gain perturbation imposed at different stages of training. 269 
It is important to note that in this formulation, the sign of the error was maintained 270 
such that a negative percentage adaptation represents adaptation to a gain of less than 271 
one or to a CCW rotation and not an adaptation of the incorrect polarity.  272 
To examine whether the initial rate of adaptation differed between visuomotor 273 
gain and rotation, we compared the slope of a linear regression of percentage 274 
adaptations with the slope of the gradual perturbation on consecutive trials (first 160 275 
movements; 20 to each target). The ratio between the slope of the regression and 276 
gradual perturbation reflects the degree to which the rate of adaptation matches the 277 
rate at which the perturbation was introduced (i.e. ratio=1 equates to complete 278 
adherence to the gradual perturbation). We averaged the rate of adaptation across all 279 
four training targets for both gain and rotation and submit it to a paired t-test to 280 
determine if the initial rate of adaptation was different between visuomotor gain and 281 
rotation. Next, to assess differences across individual target positions, we performed 282 
separate repeated measures ANOVA with “target” position as the within-subject 283 
factor for each perturbation. 284 
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To assess the differences in gain and rotation adaptation at asymptote, we 285 
compared the average percentage of adaptation across the last ten trials for each 286 
perturbation type with a paired t-test. Subsequently, we performed a separate repeated 287 
measures ANOVA with “target” position as the within-subject factor for each 288 
perturbation to assess differences across target positions. This range of trials was 289 
chosen a priori such that we capture the last ten movements to each target as it 290 
represent the stage of learning where performance would have reached asymptote in 291 
previous studies (Huberdeau et al. 2015; Kitago et al. 2013; Pearson et al. 2010). Note 292 
that alternative trial boundaries (including the last five trials or the last trial) did not 293 
qualitatively alter the results. 294 
To quantify the degree of remapping (measured on probe trials without visual 295 
feedback) in the adapted and transfer forearm orientation, we subtracted the direction 296 
and extent errors for each trained target position during probe trials in the test phase 297 
from the direction and extent errors in the baseline phase for corresponding targets to 298 
yield “the change in extent error (∆𝐸𝐸) and the change in direction error (∆𝐷𝐸) from 299 
baseline for each trained target at each of the two forearm orientations”. The ∆𝐸𝐸 and 300 
∆𝐷𝐸 was then expressed as a percentage of the imposed gain ([(∆𝐸𝐸 / (gain imposed-301 
1)) × 100%]) or rotation ([(∆𝐷𝐸 / rotation imposed) × 100%]) for each trained target 302 
to compute a proxy of the degree of remapping. To examine whether the degree of 303 
remapping differed between gain and rotation, we first performed a 2 way repeated 304 
measures ANOVA (factor 1: Condition [gain vs rotation]; factor 2: Forearm 305 
orientation: [adapted vs transfer]). Next, to determine if the degree of remapping 306 
differed across individual target positions in both forearm orientations, we performed 307 
separate repeated measures ANOVA with “target (four training targets)” position as 308 
the within-subject factor for each perturbation.  309 
To estimate the variability of movement end-points for each forearm 310 
orientation before and after visuomotor gain and rotation training, each movement 311 
end-point, irrespective of the actual target direction, was rotated to a common 312 
reference axis with the target direction set a 0˚. We then calculated the area of the 313 
95% confidence ellipse for the distribution of movement end-points for each forearm 314 
orientation before and after training. These variability measures were subjected to a 3 315 
way repeated measures ANOVA (factor 1: Condition [Gain vs Rotation]; factor 2: 316 
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Time [Baseline vs Test]; factor 3: Forearm orientation [Adapted vs Transfer]) to 317 
determine the effects of training and forearm orientation on end-point movement 318 
variability.  319 
It is important to note that one subject performed both conditions in 320 
Experiment 2, and thus it is neither a fully between- nor a fully within subject design. 321 
To avoid any potential confounds that may arise due to inconsistent application of 322 
within- and between-subject statistics, the data from the participant who did both tests 323 
was omitted from further analysis. In this context, given that experiment 2 was 324 
performed specifically to determine whether generalization to the untrained forearm 325 
position for Experiment 1 was elicited by changes in the postural context or genuinely 326 
due to coordinate frame conflicts, we subjected the initial rate of adaptation, 327 
performance of asymptote, degree of remapping, and movement variability in each 328 
training condition (visuomotor gain or rotation) to a mixed repeated measures 329 
ANOVA with one-between subject factor (factor 1: Experiment [Experiment 1 vs 330 
Experiment 2]) and two within-subject factors (factor 2: Forearm orientation [Adapted 331 
vs Transfer]; factor 3: Target position [4 x target positions]). This allowed us to 332 
directly contrast the performance in experiment 1 and 2 to gain further insights into 333 
the nature of generalization.  334 
Model predictions 335 
Experiment 1 - extrinsic and joint-based coordinates in conflict - Our choice of 336 
training directions resulted in patterns of error that were characterized by peaks and 337 
troughs corresponding to the perturbed target positions. We therefore modelled the 338 
pattern of errors (∆𝐸𝐸 and ∆𝐷𝐸) as a function of target direction (𝜃), which consist of 339 
cosine and sine functions to best capture the pattern of errors observed in the gain and 340 
rotation conditions respectively:  341 
∆𝐸𝐸 =  𝐴 ∙ 𝑐𝑜𝑠  (2𝜃) + 𝑘        (1) 
∆𝐷𝐸 =  𝐴 ∙ 𝑠𝑖𝑛  (2𝜃) + 𝑘         (2) 
This model has two free parameters: parameter A represents the overall magnitude of 342 
extent and direction errors at the adapted (Aadapted) or transfer (Agen) forearm 343 
orientation and k is a constant which allows a vertical offset of the curve. The model 344 
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parameters were estimated using the least squares method of the function “fit” in 345 
MATLAB. Note that the raw changes in extent and direction errors for each subject 346 
were first fit to the two parameter model to estimate the overall magnitude of change 347 
for the adapted forearm orientation. Next, the change in extent and direction errors 348 
obtained from the adapted and transfer forearm orientation was normalized to the 349 
estimated magnitude of change observed for the adapted forearm orientation, which 350 
allowed examination of the degree of remapping retained relative to the adapted 351 
orientation.  352 
The manner in which extent and direction errors are expressed in the transfer 353 
orientation is determined by the coordinate system in which the new visuomotor map 354 
is represented. In Experiment 1, subjects adapted to perturbations of visuomotor gains 355 
or rotations with the forearm in pronation (adapted position) and generalization was 356 
assessed with the forearm rotated by 90˚ clockwise i.e. forearm in a neutral (transfer) 357 
position. Under an exclusively extrinsic representation, the adapted visuomotor map 358 
would remain invariant in Cartesian space irrespective of forearm orientation. The 359 
pattern of errors for the generalization and adapted forearm orientation should be 360 
identical, despite requiring distinct joint forces and muscle activations (Agen≈Aadapted). 361 
In contrast, if new visuomotor maps are represented exclusively in joint-based 362 
coordinates, the pattern of errors should shift by 90˚ corresponding to the amount of 363 
forearm rotation (Agen≈- Aadapted) (refer to Figure 2 for graphical illustration). It is also 364 
possible that the new visuomotor map involves a linear combination of both the 365 
extrinsic and joint-based representations. Because the pattern of targets consists of 366 
oppositely signed perturbations at 90˚ intervals, rotating the forearm orientation by 367 
90˚ caused the pattern of errors predicted by the joint-based and extrinsic 368 
representation to be in exact opposition at the transfer forearm orientation. A linear 369 
combination of extrinsic and joint-based representations should therefore result in a 370 
reduction in the amount of generalization at the novel forearm orientation 371 
(|Agen|<Aadapted).  372 
However, the degree of compensation for the imposed perturbation might not 373 
simply be reduced in the generalization posture; rather it is conceivable that the 374 
pattern of errors might also include a phase shift. Such phase shifts cannot be 375 
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accounted for by the two parameter model so we considered a model with a phase 376 
shift parameter.  377 
∆EE =  A ∙ cos  (2θ + B) + k        (3) 
∆DE =  A ∙ sin  (2θ + B) + k         (4) 
The model has three free parameters: A represents the overall magnitude of errors in 378 
the adapted or transfer forearm orientation, B corresponds to the extent of the phase 379 
shift of the pattern of deviation and k, a constant that allows vertical shift of the fit. 380 
This phase shift can be interpreted as a representation that depends on a gain-field 381 
combination of intrinsic and extrinsic coordinate representations as has been 382 
suggested previously (Brayanov et al. 2012). In this representation, errors expressed 383 
for a given target direction would be influenced by the relative angular separation 384 
between this direction and the trained direction in joint-based and extrinsic 385 
coordinates. The result would be a pattern of errors that is phase shifted between the 386 
joint-based and extrinsic representations (Bgen>Badapt). 387 
Experiment 2 - extrinsic and joint-based coordinates overlap – The results of 388 
Experiment 1 revealed that the amount of generalization of both visuomotor gain and 389 
rotation to the transfer forearm orientation were reduced. Experiment 2 was designed 390 
to explore whether this reduction in the amount of generalization was influenced 391 
solely by changes in the joint position, in the absence of coordinate frame conflicts. 392 
Subjects learned a pattern of visuomotor gain or rotation analogous to experiment 1, 393 
but forearm orientation was rotated 180˚ from supination (adapted position) to 394 
pronation (generalization position) to test for generalization. The degree of rotation 395 
was chosen so as to re-align the joint-based and extrinsic representation at the transfer 396 
forearm orientation. In this context, a reduction in the amount of generalization that 397 
would exceed that observed in experiment 1 would indicate a limitation of visuomotor 398 
adaptation to transfer across different postures (|Agen|<Aadapted). In contrast, complete 399 
generalization to the novel forearm orientation would suggest that generalization is 400 
not tied specifically to the sensory context associated with the posture adopted during 401 
adaptation, but rather can be expressed fully in any posture provided that the target 402 
positions in each posture are identical as defined in joint-based and extrinsic 403 
coordinates (Agen≈Aadapted).    404 
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We evaluated the goodness of fit for the two and three parameter model to the 405 
average data across all subjects using the Bayesian Information Criterion (BIC). The 406 
BIC estimates whether one model is better than the other by introducing a penalty for 407 
every free parameter which improve the goodness of fit.   408 
𝐵𝐼𝐶 = 𝑛 ∙ ln(𝜎𝑒
2) + 𝑘 ∙ ln(𝑛)          (5) 
Here 𝜎𝑒
2 is the variance in residual errors of the fit, k is the number of free parameters 409 
and n is the number of data points.  A difference greater than 4.6 between the BIC 410 
values of two models indicates that the model with the lower BIC value is favoured 411 
(Jeffreys 1998).  412 
In this approach, the characteristics of the pattern of errors is defined by the 413 
model identified by the BIC. Specifically, if the BIC favoured the three parameter 414 
model, this indicates that the additional phase shift parameter (parameter B) is 415 
necessary to account for the changes in the direction of peak generalization. However, 416 
if the two parameter model is selected, this suggests that the pattern of errors was not 417 
significantly phase shifted and the additional parameter is not necessary. For 418 
Experiment 1, based on the model preferred by the BIC, the amplitude (parameter A) 419 
of the pattern of errors for the adapted and transfer forearm orientation were 420 
compared using a 2 way repeated measures ANOVA (factor 1: Condition [Gain vs 421 
Rotation]; factor 2: Forearm position: [Adapted vs Transfer]) to determine the degree 422 
to which the pattern of errors can be accounted for by a joint-based or extrinsic 423 
coordinate system. In contrast, for experiment 2, we performed a mixed repeated 424 
measures ANOVA with one between-subject factor (factor 1: Experiment 425 
[Experiment 1 vs Experiment 2]) and one within-subject factor (factor 2: Target 426 
position: [4 training target positions]) for each training condition to determine if the 427 
amplitude or degree of phase shift differed between Experiment 1 and 2. 428 
We also performed a leave one out cross validation (CV) procedure to 429 
determine the goodness of fit of the model for each individual subject (Berniker et al. 430 
2014; Wu and Smith 2013). This form of cross validation first determines the model 431 
parameters on the average of all but one of the subjects and then applies the model 432 
with the estimated parameters on the left-out subject. To quantitatively compare the 433 
goodness of fit for all models across all subject, we calculated the sum squared 434 
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residuals of each model for individual subjects and expressed it as a percentage of 435 
total variance. However, this approach is prone to variability inherent within 436 
individual subject data. Thus, to determine the robustness of the model parameters 437 
estimated from the fit, we performed a bootstrap analysis (Inoue et al. 2015). 438 
Specifically, we generated 1000 random samples of the endpoint errors for individual 439 
target direction at each forearm posture by resampling across 12 (Experiment 1) and 9 440 
(Experiment 2) participants with replacements. Each sample was then recursively fit 441 
to the model preferred by the BIC to estimate the 95% confidence intervals of the 442 
parameters derived from the model. If the 95% confidence intervals of the parameters 443 
do not overlap, we deemed the estimated parameters to be significantly different from 444 
one another.      445 
Results 446 
Learning rate and performance at asymptote for Experiment 1 447 
Figure 3 illustrates the gradual increase in percentage adaptation for each 448 
target exposed to positive and negative gains (Figure 3A) and CW and CCW rotations 449 
(Figure 3C). To assess the initial rate of adaptation during the training phase, the slope 450 
of the percentage adaptations was normalized to the slope of the gradual perturbation 451 
on consecutive trials (first 160 movements; 20 to each target). With this measure, we 452 
can quantify the degree to which rate of adaptation matches the rate at which the 453 
perturbation was introduced. The ratio of the slope of the regression to the gradual 454 
perturbation for targets which increased in gain (90º and 270º target positions) were -455 
0.06±0.12 and 0.21±0.1 respectively, and the ratio for targets which decreased in gain 456 
(0º and 180º target positions) were 0.47±0.09 and 0.22±0.13 respectively (Figure 3E, 457 
left panel).  A paired t-test revealed that the ratios of the slope averaged across all 458 
trained targets in visuomotor gain was significantly different from the average ratios 459 
in visuomotor rotation (CW rotation targets: 135˚=0.58±0.05 and 315˚=0.62±0.08; 460 
CCW rotation targets: 45˚=0.6±0.1 and 225˚=0.49±0.06; t(1,11)=4.9, p=0.0004). This 461 
result suggests that subjects showed faster overall adaptation to visuomotor rotation 462 
than gain during the training phase. 463 
To determine whether the initial rate of adaptation differed across target 464 
positions, we performed a separate repeated measures ANOVA with “target” position 465 
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as the within-subject factor for each perturbation. Here, the repeated measures 466 
ANOVA yielded a main effect of target positions (F(3,33)=3.9, p=0.016) for 467 
visuomotor gain, but not for rotation (F(3,33)=0.65, p=0.59). Further, post-hoc Tukey 468 
tests revealed that the rate of gain adaptation at the 90º target position was 469 
significantly slower than the rate of adaptation at the 0º target position (p=0.008). 470 
These results suggest that the rate of adaptation differed for each target position for 471 
visuomotor gain, but not visuomotor rotation.  472 
Next we examined visuomotor gain and rotation learning at asymptote by 473 
taking the average percentages of adaptation for the last ten trials during the training 474 
phase. The average percentages of adaption for targets which increased in visuomotor 475 
gain (90º and 270º target positions) were 63.5±8.5% and 83.9±13.2% respectively, 476 
and for targets in which visuomotor gain decreased (0º and 180º target positions), the 477 
percentages of adaptation were 64.2.6±10.6% and 64.3±10.1% respectively. In 478 
comparison, the percentages of adaptation for CW rotation targets (135º and 315º 479 
target positions) were 82.6±2.2% and 70.3±4.6% respectively, while the CCW 480 
rotation targets (45º and 225º target positions) averaged 74.6±4.2% and 83.2±2.2% 481 
respectively (Figure 3E, right panel). Despite an apparent difference in the percentage 482 
adaptation between visuomotor gain and rotation at asymptote, the overall percentage 483 
of adaptation averaged across the four trained target directions for visuomotor gain 484 
was not significantly different from visuomotor rotation (t(1,11)=-1.26, p=0.23). Note 485 
that we also considered alternative boundaries including the last five and the last trial 486 
for this analysis, but they did not qualitatively change the pattern of results Thus, 487 
these data suggest that overall percentage adaptations of visuomotor gain and rotation 488 
were similar at asymptote.  489 
To determine whether the percentage of adaptation differed across target 490 
positions, we performed a separate repeated measures ANOVA with “target” position 491 
as the within-subject factor for each perturbation. Here, the repeated measures 492 
ANOVA yielded a main effect of target positions (F(3,33)=4.1, p=0.014) for 493 
visuomotor rotation, but not for gain (F(3,33)=1.3, p=0.3). Post-hoc Tukey tests 494 
revealed that the percentage of rotation adaptation at the 225º target position was 495 
significantly more than the percentage of adaptation at the 45º (p=0.045) and 315º 496 
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(p=0.021) target positions. These results suggest that the performance at asymptote 497 
differed for each target position for visuomotor rotation, but not visuomotor gain.  498 
Remapping of visuomotor gain and rotation 499 
Figure 4A shows the movement trajectories during probe trials without visual 500 
feedback in the baseline and test phase from a representative subject for the adapted 501 
and transfer forearm orientations in the visuomotor gain and rotation condition. To 502 
quantify the degree of remapping in the adapted and transfer forearm orientation, we 503 
computed the ∆𝐸𝐸 and ∆𝐷𝐸  for each trained target position and expressed it as a 504 
percentage of the imposed gain ([(extent error / (gain imposed-1)) × 100%]) or 505 
rotation ([(directional error / rotation imposed) × 100%]). The percentage of 506 
remapping for each target in the adapted and transfer forearm orientations are shown 507 
in Figure 5A. A repeated measures ANOVA yielded main effects of condition 508 
(F(1,11)=7.9, p=0.016) and forearm orientation (F(1,11)=67.9, p<0.0001). There was also 509 
a significant condition*forearm orientation interaction (F(1,11)=7.4, p=0.02), 510 
suggesting that generalization of the remapping from the adapted to the transfer 511 
forearm orientation differed for visuomotor gain and rotation. Post-hoc Tukey tests 512 
indicated that the degree of visuomotor gain remapping acquired in the adapted 513 
forearm orientation was significantly reduced in the transfer forearm orientation 514 
(p=0.0005). In contrast, the degree of visuomotor rotation remapping was not 515 
different between the adapted and transfer posture (p=0.18). The main effect of 516 
condition indicated that the degree of remapping in visuomotor gain was significantly 517 
less than rotation (Adapted Gain: 78.8±8%; Adapted Rot: 81±2.6%; Transfer Gain: 518 
17.8±9.6%; Transfer Rot: 58.8±5.1%). The main effect of forearm orientation also 519 
suggests that remapping acquired in the adapted forearm orientation was significantly 520 
reduced in the transfer forearm orientation.  521 
To determine whether the degree of remapping differed for individual target 522 
positions, we performed a separate repeated measures ANOVA with “target” 523 
positions as the within-subject factor for each perturbation. The repeated measures 524 
ANOVA did not yield main effects of target positions for both visuomotor gain 525 
(F(3,69)=0.31, p=0.81) and rotation (F(3,69)=0.81, p=0.49). These results suggest that the 526 
degree of remapping was similar for different target positions within each 527 
perturbation.  528 
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Figure 6A illustrates the 95% confidence ellipse of movement end points for 529 
each target position in the adapted and transfer forearm orientation during probe trials 530 
without visual feedback pooled across all participants during the baseline and test 531 
phases in Experiment 1. A repeated measures ANOVA comparing the area of 532 
confidence ellipses of the movement end points average across all directions for the 533 
two forearm orientations yielded a main effect of forearm orientation (F(1,11)=40.3, 534 
p<0.0001) and time (F(1,11)=5.9, p=0.03), but no effect of condition (F(1,11)=1.2, 535 
p=0.29) nor condition*forearm orientation interaction (F(1,11)=1.8, p=0.2) and 536 
condition*forearm orientation*time (F(1,11)=0.5, p=0.5). However, there was a forearm 537 
orientation*time interaction (F(1,11)=12.8, p=0.004), suggesting that movement 538 
variability differed for adapted and transfer forearm orientation before and after 539 
training. The main effect of forearm orientation also indicated that the variability of 540 
movement end points increased from adapted to transfer forearm orientation. 541 
Identifying the coordinate system of adaptation 542 
To assess the coordinate system associated with adaptation of movement 543 
extent and directions, we examined the goodness of fit of the pattern of extent and 544 
direction errors measured at the transfer forearm orientation to the two or three 545 
parameter model. Briefly, the two parameter model can characterize a new 546 
visuomotor map that is represented exclusively in joint-based coordinates, exclusively 547 
in extrinsic coordinates or that is represented in any linear combination of the two, 548 
while the three parameter model includes an extra parameter that accounts for 549 
possible phase shifts. The goodness of fit and the parameter estimates for each model 550 
are presented in Table 1. As Figure 7A illustrates, the three parameter model fit the 551 
observed pattern of direction and extent errors better than the two parameter model. 552 
We used the BIC to compare the performance of the two and three parameter models. 553 
For the pattern of extent errors, the difference in BIC values for the two models was 554 
14, providing strong evidence in favour of the three parameter model. In contrast, for 555 
the pattern of direction errors (Figure 7C), the BIC analysis favoured the two 556 
parameter model because the slightly better fit provided by the three parameter model 557 
did not justify its extra parameter (BIC difference=1.6). These results indicate that the 558 
additional phase shift parameter was unnecessary to explain the pattern of directional 559 
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errors. In contrast, the pattern of extent errors is significantly phase shifted between 560 
the joint-based and extrinsic representations.  561 
Visual inspection of the data at the transfer forearm orientation reveals that, 562 
while the phase shift was isolated to the pattern of extent errors, both pattern of extent 563 
and directional errors displayed reduction in the amplitude of generalization (Figure 564 
7A and 7C). In order to quantify both the amount of phase shift and reduction in the 565 
amplitude of the pattern of errors, we computed the overall magnitude of the model 566 
fits to direction and extent errors (parameter A) and phase shift (parameter B) 567 
estimated by the model identified by the BIC. The amplitude of the three parameter 568 
model for the pattern of extent errors was Aadapted: 1.04±0.02; Agen: 0.62±0.07 at the 569 
adapted and transfer forearm orientation respectively, while the amplitude of the two 570 
parameter model for the pattern of directional was Aadapted: 0.99; Agen: 0.73±0.06 at 571 
the adapted and transfer forearm orientation respectively. The repeated measures 572 
ANOVA revealed a main effect of forearm orientation (F(1,11)=134, p<0.00001), but 573 
no effect of condition (F(1,11)=0.3, p=0.6) nor interaction effects (F(1,11)=1.7, p=0.2). 574 
These results suggest that the amplitude of generalization was significantly reduced 575 
for both visuomotor gain and rotation.  576 
Given that the phase shift was present only for the pattern of extent errors, we 577 
computed the amount of phase shift for each individual subject using the parameter B 578 
estimated from the three parameter model. We found that the pattern of extent errors 579 
was significantly shifted toward a joint-based representation by 27.4±8º (Badapt: 580 
5.2±1.8 Bgen: 32.6±7.5; t(1,11)=3.4, P=0.006). Taken together, these findings suggest 581 
that rotation generalization is explained by a linear combination of extrinsic and joint-582 
based coordinate systems (i.e. |Agen|<Aadapted,). In contrast, gain generalization not 583 
only involve a linear combination of extrinsic and joint-based coordinate systems (i.e. 584 
|Agen|<Aadapted,), but also depends on the angle between the target direction and the 585 
trained direction defined according to a combination of joint-based and extrinsic 586 
coordinates (Bgen>Badapt).  587 
To examine how well each subject’s performance is explained by the two or 588 
three parameter models, we used leave one out cross validation to assess variance 589 
explained by each model for each individual subject. We found that the three 590 
parameter model provided a slightly better fit than to two parameter model for the 591 
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pattern of extent errors, accounting for 10±3% and 16.4±4% of the total variance in 592 
individual subject data. The three parameter model performed better for 8 out of the 593 
12 subjects (Figure 8A). For two of the subjects (subjects 7 and 9), the phase shift 594 
(+62˚ and +86˚ respectively) was too different from the mean phase shift (+27.4±8º) 595 
for the three parameter model to perform well during cross validation. There was 596 
limited phase shift in the pattern of extent errors for the two other subjects (subjects 5 597 
and 10) for whom the two parameter model performed better. This shows that, while 598 
the magnitude of shift varied for individual subjects, the three parameter model 599 
generally performed better than the two parameter model. In contrast, for the pattern 600 
of direction errors (Figure 8B), the two parameter and three parameter models 601 
provided a similar quality of fit, accounting for 60±9% and 64±7% of the total 602 
variance respectively.  603 
Although the BIC favoured the two parameter model for the pattern of extent 604 
errors, it is important to know if subjects (e.g. 7 and 9) who demonstrated a large 605 
phase shift during gain generalization also demonstrated a modest phase shift for the 606 
rotation generalization. To this end, we used a linear regression to compare the 607 
magnitude of phase shifts for both visuomotor gain and rotation estimated from the 608 
three parameter model. The linear regression resulted in a non-significant fit (p=0.92) 609 
with a mean slope value of 0.009. This result illustrates that the participants who 610 
showed a greater degree of phase shift in gain generalization did not produce greater 611 
phase shift in rotation generalization 612 
On average, the fit to the pattern of extent errors was poorer than the fit to the 613 
pattern of direction errors because of the variability inherent within individual subject 614 
for visuomotor gain (see Table 1). Thus, we performed a bootstrap analysis to 615 
examine the robustness of the model parameters estimated from the model preferred 616 
by the BIC. For the pattern of extent errors, the median amplitude of the pattern of 617 
extent errors for the adapted and transfer forearm position were 1.01 (95%CI [1 1.04]) 618 
and 0.4 (95%CI [0.2 0.6]) respectively (Figure 9A, left panel). In comparison, the 619 
median amplitude for the pattern of directional errors in the adapted and transfer 620 
forearm position were 1.0004 (95%CI [1 1.004]) and 0.7 (95%CI [0.6 0.8]) 621 
respectively (Figure 9A, right panel). On the other hand, the median shifts in the 622 
pattern of extent errors for the adapted and transfer forearm orientation were 7.7° 623 
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(95%CI [2.1 17.3] and 57.3° (95%CI [22.7 98.1]) respectively (Figure 9B, left panel), 624 
while for the pattern of directional errors, the median shifts for the adapted and 625 
transfer forearm orientation were 1.3° (CI [0 5.5]) and 11.1° (CI [3.8 20]) respectively 626 
(Figure 9B, right panel). Additionally, we also analysed the goodness of fits on the 627 
bootstrap samples. For visuomotor gain, the median R
2
 values were 0.91 (95%CI [0.8 628 
0.97]) and 0.77 (95%CI ([0.45 0.95]) for the adapted and transfer position 629 
respectively (Figure 9C, left panel). For visuomotor rotation, the median R
2
 values 630 
were 0.98 (95%CI [0.96 0.99]) and 0.93 (95%CI [0.84 0.97]) for the adapted and 631 
transfer position respectively. Taken together, these results suggest that, the reduction 632 
in the amplitude of generalization for both visuomotor gain and rotation, and the 633 
phase shift observed for the pattern of extent errors was robust, despite the presence 634 
of noise within single subject data. 635 
Experiment 2 636 
Previous studies have examined the effects of changing arm configuration on 637 
the generalization of movement adaptation (Baraduc and Wolpert 2002; Ghahramani 638 
and Wolpert 1997). For example, Baraduc and Wolpert (2002) showed that the 639 
generalization effects of a visuomotor shift decrease as a function of shoulder/elbow 640 
rotation away from the learned arm configuration. It is therefore possible that the 641 
reduction in the overall magnitude of errors described above is due to posture-specific 642 
adaptation effects, and that changes in forearm orientation provides a context that 643 
prevents generalization. To test this possibility, two separate groups of subjects 644 
adapted to a pattern of visuomotor gains or rotations identical to experiment 1 but 645 
were tested in a novel forearm orientation in which the directions of all imposed 646 
perturbations aligned in both joint-based and extrinsic coordinates.  647 
Learning rate and performance at asymptote for Experiment 2 648 
Figure 3 illustrates the ratio of the slope of the percentage adaptation to the 649 
slope of the gradual perturbation in Experiment 2. Here, the ratios for targets which 650 
increased in gain (90˚ and 270˚ target positions) were 0.41±0.12 and 0.43±0.16 651 
respectively, and the ratios for targets which decreased in gain (0˚ and 180˚ target 652 
positions) were 0.46±0.1 and 0.12±0.2 respectively (Figure 3F, left panel). In contrast, 653 
the ratios for the CW rotation targets (135˚ and 315˚ target position) were 0.53±0.1 654 
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and 0.57±0.1 respectively, and the ratios for the CCW rotation targets (45˚ and 225˚ 655 
target positions) were 0.61±0.07 and 0.46±0.08 respectively (Figure 3F, left panel).  656 
To determine if the ratios differed between experiments 1 and 2 for adaptation 657 
of visuomotor gain and rotation, we performed a mixed repeated measures ANOVA 658 
with one between-subject factor (factor 1: Experiment [Experiment 1 vs Experiment 659 
2]) and one within-subject factor (factor 2: Target position: [4 training target 660 
positions]). For visuomotor gain, there were no main effects of target position 661 
(F(3,57)=1.1, P=0.07) and experiment (F(1,19)=1.5, P=0.2). There was also no 662 
significant target position*experiment interaction (F(3,57)=2.1, P=0.1). This result 663 
suggests that there were no differences in the initial rate of gain adaptation across 664 
target positions and positions (see figure 3E and 3F). Similarly, for visuomotor 665 
rotation, the ANOVAs did not yield any main effect of target position (F(3,57)=0.3, 666 
P=0.8), and experiment (F(1,19)=0.16, P=0.7), nor was there significant target 667 
position*experiment interaction (F(3,57)=1.1, P=0.4). This suggests that the initial rate 668 
of adaptation for visuomotor rotation was similar for all target positions in experiment 669 
1 and 2.  670 
 Next we examined the performance at asymptote for each target during 671 
visuomotor gain and rotation training. For targets in which visuomotor gain increased 672 
(90º and 270º target positions), the percentages of adaptation averaged across the last 673 
ten trials were 76±5.2% and 48.3±13% respectively, and for targets in which 674 
visuomotor gain decreased (0º and 180º target positions), the percentages of 675 
adaptation were 55.4±10.5% and 61.9±6.4% (Figure 3F, right panel). In this case, the 676 
ANOVA showed no main effect of target position (F(3,57)=0.4, P=0.75), and 677 
experiment (F(1,19)=0.68, P=0.41). There was also not target position*experiment 678 
interaction (F(3,57)=2.3, P=0.09), which suggests that the performance at asymptote 679 
were similar for each target position in experiment 1 and 2.  680 
In comparison, for visuomotor rotation, the percentages of adaptation for 681 
targets with clockwise rotations (135º and 315º target positions),  averaged across the 682 
last ten trials were 79.7±4.2% and 86.1±3.2% respectively, and for targets with 683 
counter-clockwise rotations (45º and 225º target positions), the percentages of 684 
adaptation were 74.7±3.2% and 76.3±2.9%. Here, the ANOVA yielded no main effect 685 
of target position (F(3,57)=1.2, P=0.3), and experiment (F(1,19)=0.1, P=0.75). However, 686 
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there was a significant target position*experiment interaction (F(3,57)=4.6, P=0.006). 687 
This suggests that the performance at asymptote differed for individual targets during 688 
visuomotor training in experiment 1 and 2.  689 
Performance during probe trials in Experiment 2 690 
In experiment 2, we wanted to address the possibility that the reduction in the 691 
overall magnitude of errors described above is due to posture-specific adaptation 692 
effects, and that changes in forearm orientation provides a context that prevents 693 
generalization. In this case, we calculated the degree of remapping for each forearm 694 
orientation in both visuomotor gain and rotation conditions. A more pronounced 695 
reduction in the degree of remapping at the transfer forearm orientation than that 696 
observed in experiment 1 would indicate a limitation of visuomotor adaptation to 697 
transfer across different postures. In contrast, if the degree of remapping expressed at 698 
the transfer forearm orientation were similar to that in experiment 1, this would 699 
suggest that generalization is not tied specifically to the sensory context associated 700 
with the posture adopted during adaptation. Instead, it can be expressed fully in any 701 
posture provided that the target positions in each posture are identical as defined in 702 
joint-based and extrinsic reference frames.  703 
Figure 4B illustrates the movement trajectories during probe trials without 704 
visual feedback in the baseline and test phases from a representative subject for the 705 
adapted and transfer forearm orientations in the visuomotor gain and rotation 706 
condition. Here, to compare the degree of remapping between experiments 1 and 2, 707 
we performed a mixed repeated measures ANOVA with one-between subject factor 708 
(factor 1: Experiment [Experiment 1 vs Experiment 2]) and two within-subject factors 709 
(factor 2: Forearm orientation [Adapted vs Transfer]; factor 3: Target position 710 
[4xtarget positions]). For visuomotor gain, the ANOVA on percentage remapping 711 
yielded main effect of forearm orientation (F(1,19)=31.9, P<0.00001), but no effect of 712 
experiment (F(1,19)=0.76, P=0.4), nor target position (F(3,57)=0.43, P=0.74). There was 713 
also no forearm orientation*target position*experiment interaction (F(3,57)=0.6, 714 
P=0.6), nor forearm orientation*experiment interaction (F(1,19)=2.9, P=0.11), target 715 
position*experiment (F(3,57)=0.6, P=0.6) and forearm position*target position 716 
(F(3,57)=0.5, P=0.7). This result suggests that, although the forearm was displaced to a 717 
greater extent in Experiment 2, the decay in the remapping from the adapted to 718 
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transfer forearm orientation was not less in Experiment 2 than in Experiment 1 719 
(Experiment 1: Adapted Gain: 78.8±8% Transfer Gain 17.9±9.6%; Experiment 2: 720 
Adapted Gain: 73.9±8.7% Transfer Gain 41.2±10.2%; Figure 5C). This implies that 721 
the reduction in magnitude of visuomotor gain generalization is not due to posture-722 
specific effects, but more likely a consequence of the conflict between the learned 723 
mapping in joint-based and extrinsic reference frames. 724 
 In comparison, for visuomotor rotation, the ANOVA yielded main effect of 725 
forearm orientation (F(1,19)=84.7, P<0.0001). There were no main effect of 726 
experiment (F(1,19)=3.97, P=0.06) and target position (F(3,57)=0.85, P=0.47). There 727 
were also no significant forearm*target position (F(3,57)=1.2, P=0.33), forearm*target 728 
position*experiment (F(3,57)=1.6, P=0.2), and target position*experiment (F(3,57)=0.8, 729 
P=0.5) interactions. Importantly, there was a forearm*experiment interaction 730 
(F(1,19)=5.1, P=0.036), suggesting that the manner in which the degree of remapping 731 
changed between the two forearm orientations differed between the two experiments. 732 
In this case, the reduction in the degree of remapping from the adapted to the transfer 733 
posture was increased when the forearm was further rotated in Experiment 2 734 
((Experiment 1: Adapted Rot: 81±3%, Transfer Rot: 58.8±5%; Experiment 2: 735 
Adapted Rot: 79.4±4%, Transfer Rot: 42.8±4%; see Figure 5B and 5D). This 736 
indicates that the reduction in rotation generalization can be explained by an 737 
adaptation that is tied specifically to the sensory context associated with the posture, 738 
and that generalization decreases as the angular separation between the adapted and 739 
the transfer forearm increases.  740 
  Figure 6D illustrates the 95% confidence ellipse of movement end points for 741 
each target position in the adapted and transfer forearm orientation during probe trials 742 
without visual feedback before and after training in Experiment 2. To compare the 743 
area of 95% confidence ellipses of the movement end points between experiment 1 744 
and 2, we performed a mixed repeated measures ANOVA with one between-subject 745 
factor (factor 1: Condition [Experiment 1 vs Experiment 2]) and two within-subject 746 
factors (factor 2: Forearm orientation: [Adapted vs Transfer]; factor 3: time [baseline 747 
vs test phase]). For visuomotor gain, there was a significant main effect of forearm 748 
orientation (F(1,19)=27.4, p=0.00005), but no main effects of experiment (F(1,19)=0.08, 749 
p=0.78), and time (F(1,19)=3.7, p=0.07). Additionally, there was also no interactions 750 
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effects for forearm orientation*experiment interaction (F(1,19)=0.44, p=0.52), 751 
time*experiment (F(1,19)=2.2, p=0.15), forearm orientation*time (F(1,19)=0.2, p=0.7),  752 
and forearm orientation*time*experiment (F(1,19)=0.05, p=0.83). This suggests that 753 
movement variability increased when rotating the forearm from the adapted to the 754 
transfer orientation. 755 
For visuomotor rotation, there was a main effect of time (F(1,19)=32.6, 756 
p<0.0001) and a marginal main effect of forearm orientation (F(1,19)=4.47, p=0.047). 757 
However, there were no main effects of experiment (F(1,19)=0.12, p=0.73), and no 758 
interactions effects for forearm orientation*experiment interaction (F(1,19)=2.02, 759 
p=0.2), time*experiment (F(1,19)=0.06, p=0.81), forearm orientation*time (F(1,19)=1.98, 760 
p=0.17),  and forearm orientation*time*experiment (F(1,19)=0.18, p=0.68). Similarly, 761 
this demonstrates that movement variability was greater for the transfer than adapted 762 
forearm orientation, and that it increased from the baseline to test phase.  763 
Effect of aligning coordinate frames on generalization  764 
The preceding analysis on the degree of remapping between Experiment 1 and 765 
2 revealed that the decay in gain generalization was due to conflicts of the learned 766 
mapping in joint-based and extrinsic reference frames, while the decay is rotation 767 
generalization was due to posture specific effects. However, this analysis does not 768 
paint a complete picture of generalization, since the pattern of errors might also be 769 
phase-shifted, as in Experiment 1. As such, we also applied the two and three 770 
parameter models specified in Experiment 1 to determine if the pattern of extent and 771 
direction errors for the adapted and transfer forearm orientation was phase-shifted. 772 
Figures 7B and 7D show the fits of the two and three parameter models to the pattern 773 
of extent and direction errors averaged across all participants in Experiment 2. The 774 
BIC differences between the two models were less than 2.1, providing evidence in 775 
favour of the two parameter model, indicating that the additional shift parameter in 776 
the three parameter model is unnecessary for both extent and direction errors.  777 
We then compared the magnitude of the two parameter model fits (parameter 778 
A) to the pattern of direction and extent errors between experiment 1 and 2 to gain 779 
further insights into the coordinate system of representation. In Experiment 2, the 780 
overall error magnitude for the pattern of extent errors was Aadapted: 1 and Agen: 781 
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0.66±0.3 for the adapted and transfer postures respectively. When compared to the 782 
overall magnitude of extent errors in experiment 1 (Aadapted: 1±0.02; Agen: 0.62±0.07), 783 
the ANOVA revealed a main effect of forearm orientation (F(1,19)=41.3, P<0.0001), 784 
but no effect of experiment (F(1,19)=0.001, P=0.99), nor forearm 785 
orientation*experiment interaction (F(1,20)=0.58, P=0.46). This result indicates that 786 
the magnitude of the overall pattern of extent errors reduced from the adapted to 787 
transfer forearm orientation, but the amount of reduction was similar for both 788 
experiments, despite the increase in the rotation of the forearm orientation.  789 
In contrast, the overall magnitude of direction errors was Aadapted: 1 and Agen: 790 
0.54±0.15 respectively in the adapted and transfer forearm orientation for experiment 791 
2. The ANOVA for visuomotor rotation yielded main effect of forearm orientation 792 
(F(1,19)=82.2, P<0.0001), and experiments (F(1,19)=5.2, P=0.033). There was also a 793 
significant forearm orientation*experiment interaction (F(1,19)=5.3, P=0.032), 794 
indicating that the reduction in the magnitude of directional errors differed between 795 
the two experiments. Specifically, the overall magnitude of direction errors was 796 
further reduced as a result of the additional change in forearm orientation as compared 797 
to experiment 1 (Aadapted: 0.99 and Agen: 0.73±0.06). These findings, together with the 798 
remapping analysis above, indicate that gain generalization was maintained or more 799 
complete in experiment 2 than in experiment 1, despite the forearm orientation being 800 
further away from the trained orientation. This demonstrates that, when the required 801 
visuomotor map is identical in the two coordinate frames, the learned gain is applied 802 
without substantial decay irrespective of postural context. In contrast, rotation 803 
generalization decays as a function of forearm rotation; however this generalization is 804 
expressed primarily in extrinsic coordinates.   805 
Here, we also used leave one out cross validation to assess variance explained 806 
by each model for each individual subject. In this case, the two and three parameter 807 
model provided a similar quality of fit for both the pattern of extent and direction 808 
errors. For the pattern of extent errors, the two parameter and three parameter models 809 
accounted for 34.8±9% and 31.6±8% of the total variance in individual subject data. 810 
In comparison, the two parameter and three parameter models accounted for 50.8±7% 811 
and 50.6±7% of the total variance in individual subject data in the pattern of direction 812 
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errors. This result corroborates with the BIC, indicating that the additional phase shift 813 
parameter is not required to explain the pattern of extent errors.  814 
 Finally, we also performed a bootstrap analysis to examine the robustness of 815 
the model parameters estimated from the model preferred by the BIC. For the pattern 816 
of extent errors, the median amplitude of the pattern of extent errors for the adapted 817 
and transfer forearm position were 1.004 (95%CI [1 1.045]) and 0.68 (95%CI [0.52 818 
0.87]) respectively (Figure 10A, left panel). In comparison, the median amplitude for 819 
the pattern of directional errors in the adapted and transfer forearm position were 820 
1.002 (95%CI [1 1.013]) and 0.55 (95%CI [0.46 0.64]) respectively (Figure 10A, 821 
right panel). On the other hand, the median shifts in the pattern of extent errors for the 822 
adapted and transfer forearm orientation were -4.9° (95%CI [-17 5.1] and -6° (95%CI 823 
[-33.2 19.1]) respectively (Figure 10B, left panel), while for the pattern of directional 824 
errors, the median shifts for the adapted and transfer forearm orientation were -4.2 ° 825 
(CI [-9.3 0.056]) and -8.5° (95%0=CI [-19.4 2.8]) respectively (Figure 10B, right 826 
panel). Additionally, the median R
2
 values for visuomotor gain were 0.85 (95% CI 827 
[0.58 0.8])  and 0.81 (95% CI [0.48 0.98]) for the adapted and transfer forearm 828 
orientation respectively (Figure 10AC, left panel), while the median R
2
 values for 829 
visuomotor rotation were 0.97 (95% CI [0.93 0.99])  and 0.93 (95% CI [0.73 0.99]) 830 
for the adapted and transfer forearm orientation respectively (Figure 10C, right panel). 831 
Note that the shifts in the pattern of errors is shown here for completeness sake as the 832 
three parameter model has already been invalidated by the BIC. These results suggest 833 
that, the reduction in the amplitude of generalization for visuomotor rotation was 834 
robust, despite the presence of noise within single subject data.  835 
Discussion 836 
Here we used an isometric wrist force aiming task to examine whether learned 837 
compensations to perturbations of visuomotor extent and direction are represented in 838 
joint-based or extrinsic coordinates. In a first experiment, we showed that when the 839 
directions of the imposed perturbations according to joint-based and extrinsic 840 
coordinates were directly in conflict at the transfer forearm orientation, the pattern of 841 
extent errors was not only markedly reduced in magnitude but also appeared phase 842 
shifted. In contrast, rotation generalization was expressed primarily in extrinsic 843 
coordinates, but the overall magnitude of direction errors was significantly reduced. A 844 
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second experiment showed that when the forearm was rotated by an amount that re-845 
aligned the imposed perturbations in both joint-based and extrinsic coordinates, the 846 
overall magnitude of direction errors was reduced further, but there was neither an 847 
amplitude reduction nor a phase shift in the pattern of extent errors. These findings 848 
suggest that rotation generalization is expressed in extrinsic coordinates but decays 849 
with changes in posture. In contrast, gain generalization is marginally affected by 850 
modulations in posture per se. Instead gain generalization is determined by the 851 
relative separation between the intended direction of motion and the training direction 852 
defined according to both extrinsic and joint-based coordinates.  853 
Visuomotor gain 854 
Pearson et al. (2010) showed that despite the broad generalization properties 855 
of adaptation to a new visuomotor gain, concurrent adaptation to two different 856 
visuomotor gains is possible. The resultant double-gain generalization was found to 857 
be consistent with a mixture-of-experts model (Ghahramani and Wolpert 1997) where 858 
generalization to intermediate target positions is determined by a gating module that 859 
takes into account the angle between the movement direction and the direction at 860 
which individual gains were learned (Figure 8A). Based on this model, the putative 861 
gating module could conceivably use exclusively either the extrinsic or the joint-862 
based target direction as input, resulting in a generalization that would either fully 863 
rotate with forearm orientation or remain invariant in our first experiment. However, 864 
neither of these views was supported, since we observed a substantial reduction in the 865 
overall magnitude of extent errors as well as an apparent phase shift. 866 
The observed reduction in the overall magnitude of extent errors when the 867 
forearm was rotated from a pronated to a neutral posture in the first experiment 868 
suggests that gain generalization can be affected by posture. One possibility is that the 869 
forearm orientation served as a contextual cue that is linked to the adaptation to novel 870 
visuomotor gains, such that recall of this adaptation is reduced when forearm 871 
orientation is altered (Howard et al. 2012; Howard et al. 2013; Krakauer et al. 2006). 872 
Another possibility is that a component of the remapping is encoded in neural circuits 873 
that carry information about the state of the forearm (Baraduc and Wolpert 2002; 874 
Hwang et al. 2003; Hwang and Shadmehr 2005; Krakauer et al. 2006). In both cases, 875 
the extent of generalization should decrease as the posture departs from that adopted 876 
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during adaptation (Baraduc and Wolpert 2002; Ghahramani and Wolpert 1997), 877 
irrespective of coordinate frame alignment effects. However our observation of near 878 
complete generalization when the forearm was rotated by an amount that required 879 
identical remapping according to joint-based and extrinsic coordinates in experiment 880 
2 rules out the possibility that the reduction in generalization observed in experiment 881 
1 was due to differences in context or to adaptation that is specific to proprioceptive 882 
signals associated with the training posture. Instead, this result suggests that the 883 
reduction is due to conflicting contributions from joint-based and extrinsic 884 
representations. 885 
However, given that the pattern of extent errors in experiment 1 also appeared 886 
phase shifted, it cannot merely be explained by a linear combination of joint-based 887 
and extrinsic representations that are in direct opposition. The phase shift resembles 888 
the shift in generalization across different arm configurations that has been reported in 889 
horizontal reaching visuomotor rotation contexts, and that has been interpreted as 890 
evidence for a generalization that is intermediate between intrinsic and extrinsic 891 
coordinate systems (Brayanov et al. 2012). If the mixture-of-experts model employs a 892 
similar mechanism when learning visuomotor gains, the input to the gating module 893 
should be based on an integrated representation of target direction that combines 894 
joint-based and extrinsic coordinate systems. In this case, a possible implementation 895 
of the mixture-of-experts model when learning visuomotor gains may involve 896 
multiple gating modules, that weight each expert according to the target direction 897 
defined according to extrinsic, joint-based and intermediate coordinates. 898 
It should be noted that both the two and three parameter models performed 899 
better for visuomotor rotation generalization than for visuomotor gain in both 900 
experiments (Visuomotor gain: Experiment 1 R
2
: 0.25±0.07 (2parameter) vs 901 
0.43±0.06 (3parameter); Experiment 2 R
2
: 0.4±0.09 (2parameter) vs 0.51±0.09 902 
(3parameter); Visuomotor rotation: Experiment 1 R
2
: 0.78±0.03 (2 parameter) vs 903 
0.78±0.03 (3parameter); Experiment 2 R
2
: 0.57±0.06 (2parameter) vs 0.58±0.06 904 
(3parameter model). This could be due to the fact that the amount of remapping for 905 
visuomotor gain differed slightly across different target positions, and in a somewhat 906 
variable manner for different subjects (refer to figure 5A and B). Additionally, 907 
movement variability also tended to increase when forearm orientation was changed 908 
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from the adapted to the transfer position for both visuomotor gain and rotation. 909 
However, such irregularities in the amount and variability of remapping for each 910 
target direction and forearm orientation in individual subject data did not affect the 911 
overall pattern of results, given that the bootstrap analysis showed that the 95% 912 
confidence intervals of the magnitude of generalization (parameter A) and phase 913 
shifts (parameter B) in the adapted and transfer forearm orientation did not overlap. 914 
The reduction in the amplitude and the phase shift observed for the pattern of extent 915 
errors therefore appears robust. 916 
Visuomotor rotation 917 
Our findings show that the directional distribution of rotation generalization is 918 
defined according to extrinsic coordinates, but that the magnitude of generalization is 919 
modulated by changes in limb configuration (Figure 6A and 6B). This is in line with 920 
other studies of adaptation and generalization which suggest that the remapping 921 
associated with visuomotor rotation learning is likely to have a joint or muscle-based 922 
component based on the posture adopted during training (Brayanov et al. 2012; de 923 
Rugy 2010; de Rugy et al. 2009). Brayanov et al. (2012) tested the contributions of 924 
both intrinsic and extrinsic movement representations to visuomotor rotation learning 925 
by measuring generalization to a broad distribution of movement directions in 926 
different arm configurations. In this context, the generalization pattern was centred on 927 
a direction intermediate between the training direction defined according to intrinsic 928 
and extrinsic coordinates. The result was interpreted to indicate that visuomotor 929 
rotation learning occurred in a multiplicative gain-field with Gaussian-like tuning 930 
functions encoding intrinsic and extrinsic directional information.  931 
This gain-field conception, however, appears incompatible with our results, 932 
given that generalization in our experiment was solely defined according to extrinsic 933 
movement direction, and not phase shifted as would be expected with a gain-field 934 
representation of joint-based and extrinsic coordinates. Neither was it consistent with 935 
a representation purely based on a linear combination of joint-based and extrinsic 936 
coordinates. If indeed the case, we should have observed a near complete 937 
generalization of visuomotor rotation to the untrained forearm position in Experiment 938 
2, when the joint-based and extrinsic coordinates of the learned compensation were 939 
realigned. The result, in which the reduction in rotation generalization increased with 940 
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the magnitude of change in forearm position, indicates that the intrinsic components 941 
of remapping merely determine the degree to which the learned rotation is expressed 942 
in novel conditions, rather than the spatial distribution of generalization. 943 
The difference in generalization between the current study and Brayanov’s et 944 
al (2012) may be related to differences in the visuomotor tasks and effector used in 945 
the two studies. The task differences may have led to adaptation in different neural 946 
substrates or visuomotor areas, thus resulting in different patterns of generalization 947 
according to the particular components of the visuomotor transformation involved 948 
(Buneo and Andersen 2006; Sabes 2011). For example, the wrist based isometric task 949 
used here required only a simple mapping between visual target direction and the 950 
direction of the joint torque at a specific forearm orientation. As such, the lack of 951 
changes in limb position and involvement of a single joint simplify limb dynamics. In 952 
contrast, control signals for multi-joint reaching movements must account for far 953 
more complex dynamics of the limb. The added computational complexity required to 954 
account for limb dynamics in multi-joint reaching movements may involve additional 955 
processing stages in the visuomotor transformation, and thus result in adaptation to 956 
multiple stages of the visuomotor transformation. In line with this idea, Wu and Smith 957 
(2013) found that final limb position and movement vector remapping occur during 958 
visuomotor adaptation, and generalization is determined by the combined remapping 959 
in the two components.  960 
Interestingly, generalization of visuomotor rotation in predominantly intrinsic 961 
coordinate system was observed when performing an isometric task in the horizontal 962 
plane (Rotella et al. 2014). In that study, participants learned a rotation for a single 963 
target direction in a specific arm configuration, and generalization was tested to a 964 
target position which either corresponded to the learned compensation in intrinsic 965 
(joint-based) and extrinsic (hand-based) coordinate systems at a novel arm 966 
configuration. The authors found that isometric rotation generalized to the target 967 
which was similar to the learned compensation in intrinsic space, and that the extent 968 
of generalization was incomplete. Thus, they concluded that isometric visuomotor 969 
rotation learning was represented in an intrinsic coordinate system. However, because 970 
generalization was tested only to a single target in space, it is unknown whether this 971 
generalization emerged from a gain-field combination of intrinsic and intrinsic 972 
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coordinates, analogous to Brayanov et al. (2012), or is due to a change in the context 973 
due to postural manipulations, as in our study.  974 
Another intriguing possibility is that the internal representation of visuomotor 975 
rotation learning is defined exclusively in gazed-centred, rather than extrinsic, 976 
coordinates, but that the magnitude of generalization is also influenced by posture and 977 
proprioceptive context (Baraduc and Wolpert 2002). In our current paradigm, the 978 
orientation of the body was stationary relative to the display, while the joint-based and 979 
extrinsic representation of the learning was dissociated by rotating the forearm 980 
position. As such, generalization in extrinsic coordinates is identical to one in gaze-981 
based coordinates because the line of gaze remained invariant with respect to extrinsic 982 
space. However, in previous studies which manipulated arm configuration to 983 
dissociate hand centred extrinsic space from joint-based coordinates, participants were 984 
repositioned by shifting their body with respect to the display, such that the extrinsic 985 
location of the target also changed with arm configuration. This thereby changed the 986 
direction of the vector between hand position and the target in gaze-centred 987 
coordinates for any given target direction in extrinsic space. The geometric details of 988 
Brayanov’s et al (2012) study were such that the intermediate generalization they 989 
observed between joint-based and extrinsic coordinates could potentially be 990 
accounted for by an exclusively gaze-centred representation of visuomotor 991 
remapping. Consistent with this view, during saccade adaptation, the extent of 992 
generalization decreases as gaze position is shifted away from the trained gaze 993 
position, suggesting that a gaze centred coordinate frame may be involved in 994 
representing saccade adaptation (Havermann et al. 2011; Wulff et al. 2012). In the 995 
future, it will be interesting to dissociate putative gaze-based and extrinsic 996 
representations of visuomotor adaptation to test these ideas.  997 
In conclusion, our results demonstrate that adaptations of movement direction 998 
and extent are represented according to distinct coordinate systems: While rotation 999 
generalization is expressed in extrinsic coordinates and decays with changes in 1000 
posture, gain generalization is determined by the target direction according to an 1001 
integrated combination of extrinsic and joint-based coordinates, and does not decay 1002 
substantially with postural changes. 1003 
 1004 
Coordinate systems of movement adaptation  
 
33 
 
 1005 
 1006 
 1007 
 1008 
 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
 1015 
 1016 
References 1017 
Baraduc P, and Wolpert DM. Adaptation to a visuomotor shift depends on the 1018 
starting posture. J Neurophysiol 88: 973-981, 2002. 1019 
Berniker M, Franklin DW, Flanagan JR, Wolpert DM, and Kording K. Motor 1020 
learning of novel dynamics is not represented in a single global coordinate system: 1021 
evaluation of mixed coordinate representations and local learning. J Neurophysiol 1022 
111: 1165-1182, 2014. 1023 
Brayanov JB, Press DZ, and Smith MA. Motor memory is encoded as a gain-field 1024 
combination of intrinsic and extrinsic action representations. J Neurosci 32: 14951-1025 
14965, 2012. 1026 
Buneo CA, and Andersen RA. The posterior parietal cortex: sensorimotor interface 1027 
for the planning and online control of visually guided movements. Neuropsychologia 1028 
44: 2594-2606, 2006. 1029 
Caminiti R, Johnson PB, Burnod Y, Galli C, and Ferraina S. Shift of preferred 1030 
directions of premotor cortical cells with arm movements performed across the 1031 
workspace. Exp Brain Res 83: 228-232, 1990. 1032 
Davare M, Zenon A, Desmurget M, and Olivier E. Dissociable contribution of the 1033 
parietal and frontal cortex to coding movement direction and amplitude. Front Hum 1034 
Neurosci 9: 241, 2015. 1035 
Coordinate systems of movement adaptation  
 
34 
 
de Rugy A. Generalization of visuomotor adaptation to different muscles is less 1036 
efficient: experiment and model. Hum Mov Sci 29: 684-700, 2010. 1037 
de Rugy A, Davoodi R, and Carroll TJ. Changes in wrist muscle activity with 1038 
forearm posture: implications for the study of sensorimotor transformations. J 1039 
Neurophysiol 108: 2884-2895, 2012. 1040 
de Rugy A, Hinder MR, Woolley DG, and Carson RG. The synergistic 1041 
organization of muscle recruitment constrains visuomotor adaptation. J Neurophysiol 1042 
101: 2263-2269, 2009. 1043 
Georgopoulos AP, Kalaska JF, Caminiti R, and Massey JT. On the relations 1044 
between the direction of two-dimensional arm movements and cell discharge in 1045 
primate motor cortex. J Neurosci 2: 1527-1537, 1982. 1046 
Ghahramani Z, and Wolpert DM. Modular decomposition in visuomotor learning. 1047 
Nature 386: 392-395, 1997. 1048 
Gordon J, Ghilardi MF, and Ghez C. Accuracy of planar reaching movements. I. 1049 
Independence of direction and extent variability. Exp Brain Res 99: 97-111, 1994. 1050 
Havermann K, Zimmermann E, and Lappe M. Eye position effects in saccadic 1051 
adaptation. J Neurophysiol 106: 2536-2545, 2011. 1052 
Howard IS, Ingram JN, Franklin DW, and Wolpert DM. Gone in 0.6 seconds: the 1053 
encoding of motor memories depends on recent sensorimotor states. J Neurosci 32: 1054 
12756-12768, 2012. 1055 
Howard IS, Wolpert DM, and Franklin DW. The effect of contextual cues on the 1056 
encoding of motor memories. J Neurophysiol 109: 2632-2644, 2013. 1057 
Huberdeau DM, Haith AM, and Krakauer JW. Formation of a long-term memory 1058 
for visuomotor adaptation following only a few trials of practice. J Neurophysiol 114: 1059 
969-977, 2015. 1060 
Hwang EJ, Donchin O, Smith MA, and Shadmehr R. A gain-field encoding of 1061 
limb position and velocity in the internal model of arm dynamics. PLoS Biol 1: E25, 1062 
2003. 1063 
Hwang EJ, and Shadmehr R. Internal models of limb dynamics and the encoding of 1064 
limb state. J Neural Eng 2: S266-278, 2005. 1065 
Inoue M, Uchimura M, Karibe A, O'Shea J, Rossetti Y, and Kitazawa S. Three 1066 
timescales in prism adaptation. J Neurophysiol 113: 328-338, 2015. 1067 
Jeffreys H. Theory of probability. Oxford: Oxford University Press, 1998. 1068 
Kakei S, Hoffman DS, and Strick PL. Muscle and movement representations in the 1069 
primary motor cortex. Science 285: 2136-2139, 1999. 1070 
Kitago T, Ryan SL, Mazzoni P, Krakauer JW, and Haith AM. Unlearning versus 1071 
savings in visuomotor adaptation: comparing effects of washout, passage of time, and 1072 
removal of errors on motor memory. Front Hum Neurosci 7: 307, 2013. 1073 
Krakauer JW, Mazzoni P, Ghazizadeh A, Ravindran R, and Shadmehr R. 1074 
Generalization of motor learning depends on the history of prior action. PLoS Biol 4: 1075 
e316, 2006. 1076 
Krakauer JW, Pine ZM, Ghilardi MF, and Ghez C. Learning of visuomotor 1077 
transformations for vectorial planning of reaching trajectories. J Neurosci 20: 8916-1078 
8924, 2000. 1079 
Malfait N, Shiller DM, and Ostry DJ. Transfer of motor learning across arm 1080 
configurations. J Neurosci 22: 9656-9660, 2002. 1081 
Messier J, and Kalaska JF. Comparison of variability of initial kinematics and 1082 
endpoints of reaching movements. Exp Brain Res 125: 139-152, 1999. 1083 
Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. 1084 
Neuropsychologia 9: 97-113, 1971. 1085 
Coordinate systems of movement adaptation  
 
35 
 
Pearson TS, Krakauer JW, and Mazzoni P. Learning not to generalize: modular 1086 
adaptation of visuomotor gain. J Neurophysiol 103: 2938-2952, 2010. 1087 
Rotella MF, Nisky I, Koehler M, Rinderknecht MD, Bastian AJ, and Okamura 1088 
AM. Learning and Generalization in an Isometric Visuomotor Task. J Neurophysiol 1089 
jn 00255 02014, 2014. 1090 
Sabes PN. Sensory integration for reaching: models of optimality in the context of 1091 
behavior and the underlying neural circuits. Prog Brain Res 191: 195-209, 2011. 1092 
Shadmehr R, and Moussavi ZM. Spatial generalization from learning dynamics of 1093 
reaching movements. J Neurosci 20: 7807-7815, 2000. 1094 
Soechting JF, and Flanders WD. Errors in pointing are due to approximations in 1095 
sensorimotor transformation. J Neurophysiol 62: 595-608, 1989. 1096 
Vindras P, and Viviani P. Altering the visuomotor gain - Evidence that motor plans 1097 
deal with vector quantities. Experimental Brain Research 147: 280-295, 2002. 1098 
Vindras P, and Viviani P. Frames of reference and control parameters in 1099 
visuomanual pointing. J Exp Psychol Hum Percept Perform 24: 569-591, 1998. 1100 
Wang J, and Sainburg RL. Adaptation to visuomotor rotations remaps movement 1101 
vectors, not final positions. J Neurosci 25: 4024-4030, 2005. 1102 
Wu HG, and Smith MA. The generalization of visuomotor learning to untrained 1103 
movements and movement sequences based on movement vector and goal location 1104 
remapping. J Neurosci 33: 10772-10789, 2013. 1105 
Wulff S, Bosco A, Havermann K, Placenti G, Fattori P, and Lappe M. Eye 1106 
position effects in saccadic adaptation in macaque monkeys. J Neurophysiol 108: 1107 
2819-2826, 2012. 1108 
 1109 
 1110 
 1111 
Figure captions 1112 
Figure 1. Experimental set-up. A: Subjects are required to perform centre out 1113 
isometric movements to each of the 8 targets located on the visual display with the 1114 
forearm in pronation or in a neutral position. B: Visuomotor perturbations. A change 1115 
in visuomotor gain which altered the ratio of cursor movement amplitude and 1116 
corresponding muscle force produced, or visuomotor rotation which changes the 1117 
relationship between directions of cursor motion and the force directions were 1118 
introduced. C: Overview of the experimental design for Experiment 1 and 2. 1119 
Participants in Experiment 1 were exposed to both visuomotor gain and rotation 1120 
perturbations in separate sessions. The order of perturbation was counter-balanced. To 1121 
dissociate the joint-based and extrinsic representations, forearm orientation was 1122 
rotated 90 degrees from pronate (adapted) to neutral (transfer). In contrast, 1123 
Experiment 2 is a between-subject design, where there are 9 participants per 1124 
perturbation type. Here, to re-align the joint-based and extrinsic representations, 1125 
forearm orientation was rotated 180degrees from supination to pronation. D: Protocol. 1126 
Baseline performance in both hand positions were assessed during probe trials. 1127 
During training, perturbation (only rotation shown in figure) was gradually introduced 1128 
with the forearm in pronation until maximum rotation or gain was attained in 160 1129 
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trials and the maximum perturbation was maintained for the next 240 trials. Subjects 1130 
were then tested in conditions similar to baseline to determine the coordinate system 1131 
used in visuomotor adaptation. Solid lines, force paths in trials in which continuous 1132 
feedback was provided. Dashed lines, force paths in probe trials with suppressed 1133 
feedback. 1134 
Figure 2: Manipulation of coordinate frames with forearm orientation in Experiment 1135 
1. Subjects adapted to visuomotor gain (A) or rotation (C) with the forearm in 1136 
pronation and generalization was tested in neutral orientation (B and D). The 1137 
movements trajectories initiated from the neutral (generalization) forearm orientation 1138 
was compared to predictions made by extrinsic or joint-based coordinate system, and 1139 
the change in directional and extent errors at the adapted and transfer forearm 1140 
orientation were fitted to a sine and cosine function in rotation and gain condition, 1141 
respectively. If generalization occurred in extrinsic coordinates, pattern of errors and 1142 
the fit of the function (Gain: B; Rotation: D; solid line for extrinsic coordinates) in the 1143 
adapted and the transfer forearm orientation would be identical. However, if 1144 
adaptation occurred in joint-based coordinates, the pattern of errors would shift 1145 
according to the change in forearm orientation and the function would be phased 1146 
shifted by exactly 90 degrees (Gain: B; Rotation: D; dotted line for joint based 1147 
coordinates).   1148 
Figure 3: Adaptation during the training phase in experiment 1. A and B: percentages 1149 
of adaptation to the imposed gain of 1.4 and 0.6 are plotted for each target (green 1150 
traces, gain 0.6; black traces, gain 1; red traces, gain 1.4; coloured shading, ± 1 SEM) 1151 
in experiment 1 and 2 respectively. C and D: percentages of adaptation to rotation 1152 
(green traces clockwise 30 degrees rotation; black traces no rotation; red traces 1153 
counter-clockwise 30 degrees rotation; coloured shading, ± 1 SEM). E and F: Ratio 1154 
between the slope of the regression and gradual perturbation (left panel) and the 1155 
percentage of adaptation for each trained target averaged over the last 10 trials (right 1156 
panel) for Experiment 1 and 2 respectively. * represents a significant main effect 1157 
following an ANOVA at p<0.05.  1158 
 1159 
Figure 4: Sample movement trajectories to each target during no feedback probe 1160 
trials for a single subject, A and B: First two columns indicate trajectories for 1161 
visuomotor gain during the baseline and test phase, while the last two columns reflect 1162 
trajectories for visuomotor rotation during the baseline and test phase. This sample is 1163 
selected to highlight the results in the population. Note that the grey highlighted 1164 
columns indicate the behaviour following visuomotor gain and rotation training at 1165 
both the adapted and generalization forearm orientations.  1166 
Figure 5: Percentage of remapping for all target directions in the adapted and transfer 1167 
forearm orientation. A & B: Percentage change in extent and directional (right two 1168 
panels) errors for each target position between the baseline and test phase in each 1169 
forearm position for Experiment 1. C & D: Percentage change in extent and 1170 
directional (right two panels) errors for each target position between the baseline and 1171 
test phase in each forearm position for Experiment 1. 1172 
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Figure 6: 95% ellipse of movement endpoints. A and B: Pooled end points of 1173 
movement trajectories across all participants recorded from no feedback probe trials 1174 
for both forearm positions during baseline and test phase in Experiment 1 (n=12) and 1175 
2 (n=9) respectively. 95% confidence ellipse fitted to end point distributions for each 1176 
target. Each dot represents one trial.  1177 
Figure 7: Fits for the patterns of extent and directional errors in the adapted and 1178 
transfer forearm orientation. A and B: Two and three parameter fits for gain 1179 
generalization in experiments 1 and 2. The observed adaptation to imposed gain 1180 
perturbations averaged across all participants (gain: 1.4 or 0.6) in the adapted hand 1181 
position (red). Generalization predicted by the two parameter model and the three 1182 
parameter model for the data averaged across all subjects at the transfer forearm 1183 
orientation are indicated by the green and blue line respectively. C and D: Two and 1184 
three parameter fit for rotation generalization in experiment 1 and 2, respectively. The 1185 
observed adaptation to the imposed rotation perturbations averaged across all 1186 
participants (30 degrees clockwise and counter clockwise rotation) in the adapted 1187 
forearm orientation (red). The generalization predicted by the two parameter model 1188 
and the three parameter model for the data averaged across all subjects at the transfer 1189 
forearm orientation are indicated by the green and blue line respectively. Each data 1190 
point is mean±SEM. Note the bar graphs representing the model parameters estimated 1191 
for each subject by both model (dots). 1192 
Figure 8: Leave-one-out-cross validation analysis. The variance explained by the two 1193 
(grey shade) and three (black shade) parameter model when fitted to the mean of the 1194 
remaining subjects data in the visuomotor gain (A) and rotation (B) condition in 1195 
Experiment 1. Similarly, the variance explained by the two (grey shade) and three 1196 
(black shade) parameter model when fitted to the mean of the remaining subjects data 1197 
in the visuomotor gain and rotation condition in Experiment 2 is shown in 8C and 8D 1198 
respectively.  1199 
Figure 9: Distribution of the model parameters estimated by the model preferred by 1200 
the BIC for each of the 1000 bootstrap data samples for Experiment 1. A) Estimated 1201 
amplitude of the pattern of errors extent and directional errors at the adapted and 1202 
training forearm orientation in the gain (left panel) and rotation conditions (right 1203 
panel) respectively. B) Estimated phase shift in the pattern of extent and directional 1204 
errors at the adapted and training forearm orientation in the gain (left panel) and 1205 
rotation conditions (right panel) respectively. C) Distribution of R
2
 values for the fit to 1206 
each of the 1000 bootstrap gain (left panel) or rotation(right panel) samples. Note that, 1207 
for completeness sake, we fit the three parameter model to the pattern of directional 1208 
errors to estimate the degree for shift, despite the BIC favouring the two parameter 1209 
model for visuomotor rotation. Notches and horizontal lines in the box plots indicate 1210 
the 2.5th, 25th, 50th, 75th, and 97.5th percentiles. 1211 
Figure 10: Distribution of the model parameters estimated by the model preferred by 1212 
the BIC for each of the 1000 bootstrap data samples for Experiment 2. A) Estimated 1213 
amplitude of the pattern of errors extent and directional errors at the adapted and 1214 
training forearm orientation in the gain (left panel) and rotation conditions (right 1215 
panel) respectively. B) Estimated phase shift in the pattern of extent and directional 1216 
errors at the adapted and training forearm orientation in the gain (left panel) and 1217 
rotation conditions (right panel) respectively. C) Distribution of R
2
 values for the fit to 1218 
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each of the 1000 bootstrap gain (left panel) or rotation(right panel) samples. Note that, 1219 
for completeness sake, we fit the three parameter model to both pattern of extent and 1220 
directional errors to estimate the degree for shift, despite the BIC favouring the two 1221 
parameter model. Notches and horizontal lines in the box plots indicate the 2.5th, 1222 
25th, 50th, 75th, and 97.5th percentiles. 1223 
 1224 
Table 1. Model Parameters estimated from each model.  1225 
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